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Abstract 
Compressed Air Foam System is a kind of new high efficiency firefighting systems. It produces high quality foams by injecting 
compressed air into foam solution. The gas-liquid mixing effect determines properties of foams. Properties of foams determine the 
efficiency of extinguishing. This paper introduced the status of compressed air foam system gas-liquid mixing technology, categorized 
and analyzed existing gas-liquid mixing modus, finally put forward factors influencing mixing effect. Stability of foams was used as 
criteria to evaluate the gas-liquid mixing effect. Gas-liquid mixing modus, gas-liquid mixing area and turbulence enhancer were three 
factors determined by mixing chamber structure. Gas-liquid flow ratio, gas-liquid mixing pressure and gas-liquid mixing speed were 
another three factors determined by working parameters. These factors were analyzed and corresponding optimization advices were put 
forward in order to better gas-liquid mixing effect. This paper could provide some guidance to the design of mixing chambers and 
optimization of mixing parameters. 
© 2012 The Authors. Published by Elsevier Ltd.  
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Nomenclature 
s    the cross-sectional area s of compressed air conduit 
S               hydraulic cross section of mixing chamber 
Vair           superficial velocity of the compressed air 
Vwater           superficial velocity of the mixture of foam agent and water 
VFRair      volume flow rate of the compressed air at the inlet of the mixing chamber 
VFRwater   volume flow rate of the mixture of foam agent and water at the inlet of mixing chamber 
1. Introduction 
Compressed air foam system (CAFS) is a kind of high efficiency, water-saving firefighting system which is of important 
practical significance and has a broad application prospects. CAFS is composed of gas source (providing compressed air), 
liquid source (providing a certain mixing ratio of foam solution), the gas-liquid mixing chamber, the foam-ejecting device, 
some pipelines and other associated fittings, as shown in figure 1. 
Fig.1 composed schematic diagram of CAFS 
Compared with the traditional fire-fighting foam, compressed air foam (CAF) is much more capable of fire-fighting. 
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Traditional fire extinguishing foam is a kind of aspirated-foam produced at the nozzle. CAF is produced by injecting 
compressed air into foam solution in the mixing chamber so that fully turbulence could be realized between gas and liquid. 
Gas-liquid mixing technology is a key point of the CAFS, the gas-liquid mixing effect determines properties of foams. 
Research on gas-liquid mixing technology is not enough. There is lack of relevant standard and basis when you want to 
analyze the gas-liquid mixing effect. 
2. Analysis on gas-liquid mixing effect evaluation criteria  
The gas-liquid mixing effect directly determines properties of foams, so we need to evaluate the gas-liquid mixing effect 
from properties of foam. The traditional fire extinguishing foam is a kind of foam with larger bubble and thinner film which 
made it easily deformable when subjected to external forces. CAF has a unique small, rugged and strong cohesion of the 
structural characteristics which made it more stable than traditional fire extinguishing foam. Stability is an important 
indicator affecting foam performance. Maintaining stability is a guarantee for foams to exert coverage, isolation and some 
other fire extinguishing function. Stability of the firefighting foam refers to the foam duration under action of various 
factors, i.e. the life of the foam [1]. Stability of CAF is used as index to evaluate gas-liquid mixing effect in this paper. 
Expansion ratio, bubble size and distribution would reflect CAF stability to some extent, so we can assess gas-liquid mixing 
effect from these aspects. 
3.  Classification and analysis of existing gas-liquid mixing modus 
Existing gas-liquid mixing modus is categorized into two kinds according to the direction gas injected into foam solution 
in this paper: vertical gas-liquid mixing and coaxial gas-liquid mixing. Definitions, analysis and relevant explanations of the 
gas-liquid vertical mixing and gas-liquid coaxial mixing are given below. 
3.1. Vertical gas-liquid mixing 
Vertical gas-liquid mixing refers to the flow direction of gas and liquid before they encounter is perpendicular, 
compressed air is injected into foam solution vertically. Vertical gas-liquid mixing can be divided into T-shaped mixing, air-
outside liquid-inside mixing and air-inside liquid-outside mixing. 
3.1.1. T-shaped mixing 
T-shaped mixing occurs in the T-shaped mixing chamber, The appearance of a T-shaped mixing chamber looks like a T-
junction, detailed structure is shown in Figure 2. Foam improver is composed of multilayer screens, the structure of a screen 
is shown in Figure3. 
 
 
 
 
 
 
 
 
              
                                                                                                    
 
Fig.2 T mixing chamber [3]                                                               Fig.3 screen [3] 
 
The structure of the T-shaped mixing chamber is simple that it’s easy to process. Products from the Darley company of 
American and the Snuffer company of Canada used this kind of mixing chamber. CAFS in U.S. Patent No. 6,357,532 B1 
and US 6,276,459 B1 [2, 3] also used this kind of mixing chamber. There are some limitations of T-shaped mixing: larger 
flow of compressed air impact foam solution directly from the direction perpendicular to the flow of foam solution. Larger 
impulse of compressed air will cause the mixture shocked, which make the mixing process unstable, producing bubble 
inhomogeneous. Mixing process is illustrated in Figure4. 
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       Fig.4 T-shaped mixing process [6] 
3.1.2 .Air-outside liquid-inside mixing 
Air-outside liquid-inside mixing refers to foam solution is in the inner layer while compressed air is injected into foam 
solution vertically in the form of small airflow from external layer. 
A kind of air-outside liquid-inside mixing chamber is shown in Figure 5.Compressed air flow into an annular outer space 
through a narrow conduit below and is injected into foam solution through small holes which is distributed uniformly along 
the foam solution pipe. Compressed air is injected into foam solution through a plurality of apertures in this kind of mixing 
chamber thus increasing gas liquid contact areas. Compared with the T-shaped mixing chamber, this kind of mixing 
chamber could weaken the shock caused by larger flow of compressed air and is conducive for gas-liquid to mix thoroughly, 
which improve the gas-liquid mixing effect. 
 
 
 
 
 
 
 
 
 
Fig.5 air-outside liquid-inside mixing chamber [4] 
 
3.1.3 .Air-inside liquid-outside mixing 
Air-inside liquid-outside mixing refers to compressed air is injected into the interior of the foam solution vertically 
through a plurality of small holes located in the wall of the compressed air conduit, compressed air is in the inner layer and 
foam solution is in the outside layer when gas liquid mixed. The end of the compressed air conduit is sealed. 
A few kinds of air-inside liquid-outside mixing chambers are shown in Figure 6, Figure 7and Figure 8. Although there are 
differences between structures of these mixing chambers, the way gas liquid mixed is the same essentially. A compressed 
air conduit is located in the interior of the foam solution conduit, Gas conduit and foam solution delivery conduit can be 
connected vertically or at a certain angle. The portion of the gas conduit which is located in the interior of the foam solution 
pipe may be located on the central axis of the foam solution pipe or at a certain angle to the central axis, the former way is 
conducive for gas-liquid to mix thoroughly.   
 
Fig.6 air-inside liquid-outside mixing chamber A [4] 
 
 
 
 
 
 
Fig.7 air-inside liquid-outside mixing chamber B [5] 
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Fig. 8 air-inside liquid-outside mixing chamber C [9] 
 
3.2. Coaxial gas-liquid mixing 
Coaxial gas-liquid mixing refers to the flow direction of gas and liquid before they encounter is the same, gas and liquid 
contact with each other then turbulent mixing occurs while they flow forward. Both the mutual impact between the two 
phases and impact on the flow characteristics of the fluid are much more less when gas and liquid mixed coaxially. The 
mixing process is relatively stable. 
Two kinds of coaxial gas-liquid mixing chamber are shown in Figure.9 and Figure.11.Foam solution flow from the thin 
conduit, form coaxial flowing with compressed air and then mix with it. Gas and liquid mixed further sufficiently in the 
mixed bed which is constituted by a lot of spherical particles. Structure of mixed bed of coaxial gas-liquid mixing chamber 
A is shown in Fig.10.  Foam solution and compressed air mix with each other after the fluid is injected by gas and foam 
solution nozzle in coaxial gas-liquid mixing chamber B. Compared with the mixing chamber A, the mixing chamber B 
increases the gas-liquid contact area. Compressed air don’t have to change flowing direction before entering the mixing 
chamber in mixing chamber B, thus reducing energy loss. Gas-liquid mixes further sufficiently through multilayer meshes. 
 
 
 
 
 
 
 
 
 
 
 
Fig.9 coaxial gas-liquid mixing chamber A [6] 
 
 
 
 
 
 
 
 
Fig.10 mixed bed [6] 
 
 
 
 
 
 
 
Fig.11 coaxial gas-liquid mixing chamber B [8] 
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4.  Putting forward Influencing Factors and corresponding optimization advices 
Based on the analysis of the existing modus of gas-liquid mixing and research status at home and abroad, influencing 
factors were put forward in this paper. The structure of the gas-liquid mixing chamber and working parameters of the gas-
liquid mixing process are the main two factors determine the effect of the gas-liquid mixing. 
4.1.  Structure of the gas-liquid mixing chamber 
Structure of the gas-liquid mixing chamber determines the gas-liquid mixing modus, the gas-liquid mixing area, pressure 
drop of the gas-liquid mixing process, the bubble size distribution of foams and so on. 
4.1.1 .Gas-liquid mixing modus  
Gas-liquid mixing modus includes vertical gas-liquid mixing and coaxial gas-liquid mixing. Li Huiqing from Beijing 
Forestry University compared the mixing effect of air-outside liquid-inside mixing chamber and air-inside liquid-outside 
mixing chamber under the same conditions. Studies of Li Huiqing have shown that the mixing effect of air-inside liquid-
outside mixing chamber A is better than that of air-outside liquid-inside mixing chamber [4]. Characteristics of CAF 
produced by air-inside liquid-outside mixing chamber are more stable. Studies of Chu Yingxia from Beijing Forestry 
University have shown that the mixing effect of air-inside liquid-outside mixing chamber B is better than that of T-shaped 
mixing chamber [5]. Researches made by Lin Lin from University of Science and Technology of China and A.M. Tafreshi 
from University of Maryland have shown that the mixing effect of coaxial gas-liquid mixing chamber A is much better than 
that of T-shaped mixing chamber [6,7]. There is no relevant research carried out a comparative study of the coaxial mixing 
chamber B and the coaxial mixing chamber A so far. However, based on the analysis above, air-inside liquid-outside mixing 
is a preference when gas-liquid mixed vertically, coaxial mixing chamber B is a preference when gas-liquid mixed coaxially. 
4.1.2 .Gas-liquid mixing area 
The size of the gas-liquid mixing area determines the size of the area compressed air and foam solution interacts with 
each other. Studies of Chu Yingxia have shown that the increase of the gas-liquid mixing area is conducive to improving the 
performance of CAF within a certain range [5]. The range depends on the value of the cross-sectional area s of compressed 
air conduit when gas-liquid mixed vertically. Compared with the mixing area that are less than s, gas-liquid mixed better 
when the mixing area are greater than s. This is because the increase of the mixing area contributes to gas-liquid mixing 
thoroughly. At the same time, the greater the mixing area, the slower the speed for compressed air to inject into foam 
solution. Thus it’s important to design the mixing area according to the working pressure of the system may provide and the 
diameter of the associated piping.  
4.1.3 .Turbulence enhancer 
The structure to improve CAF characteristics after gas-liquid mixed is called turbulence enhancer in this article. 
Turbulence enhancer may be composed of multilayer meshes, powdered metal or spherical glass particles, etc. The 
structural parameters of the turbulence enhancer influence the performance of CAF, such as layers and diameters of the 
sieves, the length of the mixed bed, and the size of the spherical particles (sieves are chosen as example for analysis below) 
Different kinds of CAF are used in different occasion, for example, wet foam is suitable for extinguishing and dry foam is 
suitable for insulation protection. The number of layers of sieves affects the kind of CAF produced. The foam produced is 
relatively wet if there is a few amount of layers, CAF will become dryer with the increase of the amount of layers. At the 
same time, the pressure drop caused by gas-liquid mixing will increase and the momentum of the foam at the nozzle will 
drop. The diameter of the sieves affects the bubble size distribution. The smaller of the diameter of the sieves, the more 
homogenous and dense of CAF produced. The pressure drop will also increase moreover. Compared with sieves, spherical 
particles may cause greater pressure drop due to their impediment. Spherical particles are also not easy to install and 
maintain. Therefore, sieves are better choice to be turbulence enhancer in practical applications. 
4.2. Working parameters of gas-liquid mixing process 
4.2.1.Gas-liquid flow ratio 
Different flow parameters of compressed air and foam solution entering the mixing chamber will produce different gas-
liquid two-phase flow pattern, the mixing effect of compressed air and foam solution will also change. Annular flow pattern 
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will occur when the volume flow rate of gas is larger and the volume flow rate of liquid is smaller. Annular flow pattern is 
satisfactory because gas-liquid mixes more thoroughly under the situation. 
The expansion ratio of CAF is determined by the gas-liquid flow ratio, it can also reflect the bubble size distribution of 
foams. Studies of Lin Lin and A.M. Tafreshi have shown that with the increase of gas-liquid flow ratio, the expansion ratio 
of the foam will gradually increase in a certain range [6, 7]. Beyond this range, the expansion ratio will no longer increase but 
decrease, i.e. there is a highest point of the expansion ratio. The expansion ratio of the foam couldn’t increase infinitely with 
the increase of the gas-liquid flow ratio under certain working pressure, formulation and concentration of foam 
extinguishing agent. There is a maximum amount of gas usage for a certain foam concentrate. When the flow of gas reaches 
the maximum usage, the excess gas will no longer contribute to the foam, but tends to tear the bubbles, which have a 
negative effect on the foam-forming process. The average size of the foam trends to decrease with the increase of expansion 
ratio. The increase of the gas-liquid flow ratio will contribute to gas-liquid mixing in a certain range and CAF produced will 
become dryer from wetter. Thus the gas-liquid flow ratio should be controlled in a more suitable range based on the actual 
work needs. 
4.2.2 .Gas-liquid mixing pressure 
The prerequisites for gas-liquid mixing is that the air pressure should be slightly higher than the hydraulic pressure i.e. air 
pressure and hydraulic pressure are roughly equal but air pressure should be slightly higher. This is a key point for 
designing a mixing chamber. A.M. Tafreshi and some others believed that the gas-liquid mixing pressure mainly affected 
the rate foam ejected from the mixing chamber and the bubble size distribution [7]. Compared with lower pressure, foam 
produced under higher pressure may have smaller bubble size, more uniform distribution and more stable performance. The 
minimum working pressure required by the gas-liquid mixing process is a certain value, excess pressure will become 
driving force for outputting foam to increase their momentum. Therefore the higher the working pressure of the system, the 
greater the rate of output foam; too high pressure will produce high pressure bubbles and foam that is different to control. 
4.2.3 .Gas-liquid mixing speed 
U.S.Patent2010/0126738A1used air-inside liquid-outside mixing chamber C and describes the requirements of gas-liquid 
mixing speed in the mixing chamber. For providing a foam of good quality and made homogenously of tiny bubbles e.g. 
with an average equivalent diameter in the range of 0.5~1mm, the speed of the mixture of foam agent and water flow is 
preferably in the range of 0.3~3m/s [9]. Similarly, the speed of the compressed air flow is in the same range. The mentioned 
speeds Vair and Vwater are not actual speeds, but correspond to so-called superficial velocities that are calculated as follows: 
Vair=VFRair/S, Vwater=VFRwater/S. VFRair and VFRwater refer to volume flow rate of the compressed air and volume flow rate 
of the mixture of foam agent and water at the inlet of mixing chamber respectively. S refers to hydraulic cross section of 
mixing chamber.  
Despite the mentioned requirements above, relative air speed ratio ‘R’ which means the ratio between the superficial 
velocity of the compressed air and the sum of the superficial velocity of the compressed air and the superficial velocity of 
the mixture of foam agent and water should be in the range of 0.3~0.95, more preferably in the range of 0.4~0.75. R is 
calculated as follows: R=Vair/ (Vair+Vwater). The most preferred valve of R is 0.5. If R has a value beyond these limits, slip 
effects between the compressed air and the mixture of foam agent and water occur that they don’t mix correctly which as a 
result does produce foam of poor quality or even doesn’t produce any foam. 
4.2.4 .Some other influencing factors 
Some other influencing factors also impact foam performance, such as the orientation of the mixing chamber and so on. 
Studies of Lin Lin and A.M. Tafreshi have shown that mixing chamber disposed vertically has a better mixing effect than 
mixing chamber disposed horizontally, because of the fact that delamination phenomenon will occur due to the influence of 
gravity between the two-phase flow. Therefore, disposing mixing chamber vertically is better for gas-liquid mixing when 
actual needs and system design requirements are met. 
5. Conclusions and suggestions 
Influencing factors of the gas-liquid mixing effect of CAFS were putting forward based on the classification of existing 
gas-liquid mixing modus and analysis on the research status at home and abroad. Structure of the gas-liquid mixing chamber 
and working parameters of gas-liquid mixing process are two main influencing factors determine the gas-liquid mixing 
effect. Gas-liquid mixing modus, gas-liquid mixing area and turbulence enhancer were three factors determined by structure 
of the mixing chamber. Gas-liquid flow ratio, gas-liquid mixing pressure and gas-liquid mixing speed were another three 
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factors determined by working parameters. Discussion and analysis on these factors were conduct and corresponding 
optimization advices were given in order to better gas-liquid mixing effect. 
The mixing process for gas and liquid to produce CAF is very complicated, involving gas-liquid two-phase flow and 
other branch of discipline. Further quantitative research is needed. The direction of future research can start from the gas-
liquid two-phase flow theory and relevant simulation software. Researches on optimization ways of gas-liquid mixing 
process can be conduct by eestablishing mathematical model of the gas-liquid two-phase mixing process and setting values 
of parameters according to actual situation. 
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